In diesel engines with a straight intake port and a lipless cavity to restrict in-cylinder flow, an injector with numerous small-diameter orifices with a narrow angle can be used to create a highly homogeneous air-fuel mixture that dramatically reduces the NOx and soot without the addition of expensive new devices.
INTRODUCTION
Masaaki KONO Masaharu ITO Masatoshi BASAKI Takeshi HASHIZUME Shinobu ISHIYAMA Kazuhisa INAGAKI because of the weak penetration of the spray; leading to decreased overall load performance. To resolve this problem, the compression ratio was decreased to 14:1. The low compression ratio makes diffusive combustion phasing advance with early injection timing. This results in lower soot emissions because enough time is created to oxidize soot before the end of combustion. Further, to restore the poor cold startability due to the decreased compression ratio, a straight intake port was adopted to achieve a nearzero swirl ratio. A lipless shallow-cavity (referred to below as the "standard cavity") was also adopted to suppress squish flow. This cavity suppressed convective heat transfer and achieved the required in-cylinder temperature to restore the poor cold startability. . The unburned fuel loss of the new concept is larger than that of conventional diesel combustion.
However, the exhaust loss of the new concept is lower than that of conventional diesel combustion, because PCCI combustion can offer a high degree of constant volume energy release, which results in lower exhaust gas temperature.
Because the lower gas temperature causes a lower intake pressure which increases the fuel consumption on PCCI combustion 3) , the intake pressure is optimized by a variable geometry turbocharger. In addition, the restricted in-cylinder flows can suppress convective heat transfer to the combustion chamber wall; the cooling loss of the new concept is about the same as conventional diesel combustion. As a result, the new combustion concept can achieve low NOx without deteriorating fuel consumption.
Hashizume et al. 4) investigated the mechanism of the emission of unburned fuel and explored ways to decrease fuel consumption by reducing the amount of unburned fuel.
The results showed that the primary factor for the emission of unburned fuel during PCCI combustion is incomplete combustion of the combustion chamber space (bulk), and though unburned fuel can be reduced by suppressing the amount of EGR gas, there is an issue with worsened combustion noise. Thus there is a need to develop technologies to decrease fuel consumption working from new perspectives. . As CO2 restrictions grow more stringent going forward, the development of technologies to reduce cooling losses is necessary 6) to further decrease the fuel consumption of diesel engines. The cooling loss of the new concept still accounts for about 20% and has some leeway to reduce fuel consumption. Generally, combustion in diesel engines is promoted by the mixture of the fuel spray with air through in-cylinder flow, and combustion occurs diffusively. Poor local mixing of fuel and air leads to soot particles and a luminous flame. Because of this, diesel engines have significant radiation from luminous flames, and it is said that the contribution of radiation in cooling losses cannot be ignored.
Because of this, the proportion of radiation in cooling losses have been investigated by many researchers, and the estimates vary widely from about 10% 7) 8) to over 30% 9) 10) .
The combustion in the new concept is combined PCCI with the diffusive diesel combustion at a high load, although it is just PCCI combustion at a low load. Therefore, there is a possibility that radiation is increasing by a luminous flame at a high load.
This research started by using a Rapid Compression
Machine (RCM) to analyze the local heat flux and radiation to the combustion chamber wall during this combustion.
This revealed the contribution of radiation in cooling losses on the new combustion concept. Next, 3D simulations were carried out in addition to measurements of instantaneous heat flux to the piston wall, cylinder head wall, and cylinder block wall using thin-film thermocouples in order to determine where there are significant cooling losses in the cylinder and when these cooling losses occur. Based on these findings, the cooling loss mechanism resulting from this new combustion concept was observed, and approaches to improving fuel efficiency by decreasing cooling losses were explored.
In this research, both convective and radiant heat transfer are measured in the RCM, and convective heat transfer is also measured in a test engine, which is same as the engine presented in the introduction section. In addition, 3D simulation is used to predict the cooling loss behavior over the entire combustion chamber. Fig. 4 shows the RCM, which was used to measure local heat flux and radiant heat flux to the combustion chamber wall. A high-temperature, high-pressure atmosphere is created when a cam linked to an air cylinder is rapidly driven using compressed air, and the curved surface of the cam drives the piston, which compresses the in-cylinder air in the combustion chamber and makes it flow 11) .
Rapid Compression Machine (RCM)
The RCM combustion chamber is a cylinder 20mm high with a diameter of 72mm, and differs from an actual engine with cavity. Also, there is no expansion stroke, and the incylinder flow behavior differs from that of an actual engine.
However, the RCM has a quartz observation window through which the entire combustion chamber can be , local heat flux depends on the state of the flame, so the effect of the measurement location is significant 12) . Thus in this research, the radiant heat flux sensors were installed where the spray collides with the combustion chamber wall, and the thin-film thermocouples used 
EXPERIMENTAL APPARATUS

Sensors for measuring heat flux
The local heat flux was measured by thin-film thermocouples employing the method used by Enomoto et al. 13) . The structure of the thin-film thermocouples, which are custommade, are shown in The directions of heat conduction were taken into consideration before installing the thin-film thermocouples. The local heat flux to the combustion chamber was calculated by setting the surface and back temperature measurements as the boundary conditions and using numerical analysis to find the first-order temperature distribution within the thin-film thermocouple 14) . The thickness of the gold layer is around 5 μm to 7μm, which impacts a response time of the thin-film thermocouple. The measurements of the local heat flux shown below include less than 0.5ms delay in the response.
However, no compensation was applied in this research because validation results of the instantaneous heat flux between measurement and 3D simulation were favorable.
The local heat flux obtained from the thin-film thermocouples was made up of the convective heat transfer and radiant heat flux. Thus, radiant heat flux was measured at the same time to determine the contribution of radiation in cooling losses.
The structure of the radiant heat flux sensor is shown in Vinst is the instantaneous radiant heat flux, Vraw is the experimental raw value of the radiant heat flux, and C is the delay of the radiation sensor. The radiant heat flux compensated using Equation (1) was also validated by two color temperature radiometry.
Engine used to measure heat flux
The test engine used to measure heat flux and the engine presented in the introduction section are entirely same.
Thin-film thermocouples were installed on the piston walls, cylinder head walls, and cylinder block wall of the test engine to measure the local heat flux. The measurement locations are shown in Fig. 8 . Thin-film thermocouples were installed on three locations on the piston: the side wall of the cavity (P1), the radiused portion of the cavity (P2), and the bottom of the cavity (P3). The signal wire from the thin-film thermocouples installed on the piston was guided out of the engine by attaching a link mechanism to the larger end of the connecting rod, making it follow the connecting rod and link, and finally out the engine based on the method by Ando et al. 16) . Thin-film thermocouples were installed on two locations of the cylinder head: the squish region (H1) and the cavity region (H2). Additionally, a pressure transducer (Kistler 6125B) was installed on the cylinder head. The thermocouples on the cylinder block were located at point B1, which is 6mm from the top edge.
The output voltage of the thin-film thermocouples was amplified 500 times by the DC amplifier (Kyowa Electronic
Instruments DA-510B), and together with the output from the pressure transducer, was acquired by the recording device (Ono Sokki DS-2000) as 100-cycle average integral data.
3D simulations
The computational fluid dynamics application STAR-CD (version 3.26) was used to perform the simulation. Fig. 9 shows the computational grid at TDC. The intake and exhaust valves on the cylinder head wall are not considered.
Because of this, the calculation period is from IVC to EVO.
The number of meshes at IVC is 15567, and the number of meshes at TDC is 6738. The temperature of the piston wall, cylinder head wall, and cylinder block wall were set using the surface temperatures obtained from the thin-film thermocouples. 
Contribution of radiation in cooling losses
The RCM was used to measure the local heat flux and the radiant heat flux to the combustion chamber to analyze the proportions of convective heat transfer and radiation in cooling losses, and the results are described in this section.
The experimental conditions are shown in Table 3 . The temperature and pressure reflect the injection timing for PCCI combustion. Fig. 10 shows the results from the high- 特 集 radiation in cooling losses increases as injection volume is increased, it was found that the primary factor in cooling losses is convective heat transfer.
RESULTS AND OBSERVATIONS
Where and when cooling losses occur
3D simulations were used to predict the cooling loss behavior over the entire combustion chamber, and the findings were verified with actual engine measurements; the results are shown in this section. As shown in Table 4 , the engine tests were performed at 2100r/min under a high load operation. Fig. 12 shows the results of a 3D simulation of the incylinder gas temperature and the heat flux to the combustion chamber wall. Based on the in-cylinder gas temperature distribution, high-temperature combustion gas can be seen rotating over the area spanning the radiused portion of the cavity to the bottom of the cavity with the descending piston; in addition, flow from inside the cavity to the squish region can be seen. It can be seen from the heat flux to the combustion chamber wall, the side wall of the cavity is where heat flux is predominant. As the piston descends, the heat flux to the squish region also increases. On the other hand, the bottom of the cavity and cylinder block wall sees almost no heat flux.
The results of the heat flux simulation shown in Fig. 12 were integrated separately over one cycle for the piston wall, cylinder head wall, and cylinder block wall, and the breakdown of the cooling losses was calculated with respect to the total energy of the fuel injected in one cycle. The results are shown in Fig. 13 . Most cooling losses take place through the piston wall. Based on these results, it is believed that with this type of combustion, there will be large cooling losses in the area from the side wall of the cavity to the squish region while the piston is descending.
The results of the 3D simulation were verified using meas- Based on the results of the 3D simulation and heat flux measurements, the primary location cooling loss occurs is along the side wall of the piston cavity to the squish region while the piston is descending.
Approaches to decrease fuel consumption
The cooling loss of the new combustion concept still accounts for about 20%, and is thought that it has some leeway to reduce fuel consumption. As indicated above, the 3D simulations and actual engine measurements show that the area along the side wall of the cavity to the squish region is where the most cooling losses occur, and the cooling losses occur during the descent of the piston. This section explores the approaches that should be taken to reduce cooling losses based on the findings above. Generally, under a certain compression ratio, the following can be done to suppress squish flow during the reciprocating motion of the piston.
1. Make the cavity a shallow dish, in order to reduce the volume of the squish region.
2. Widen the distance between the piston and cylinder head at TDC, in order to increase the cross-sectional area from the cavity to the squish region.
The in-cylinder gas velocity distribution with the cavity shapes that were devised based on this approach are shown in Fig. 18 when the crank angle is 10deg ATDC during motoring. In Case 1, a shallow-dish cavity results in improved suppression of reversed squish flow velocity, but the suppression of gas flow velocity in local regions in the vicinity of the side wall of the cavity is insufficient. In Case 2, the distance between the piston and squish region at TDC has been widened, and the cross-sectional area of the opening from the cavity to the squish region has been increased; though improved suppression of gas velocity near the side wall of the cavity can be seen, local areas with high gas velocity can be seen close to the squish region of the cylinder head. In Case 3, however, the cross-sectional area of the opening from the cavity to the squish region is changed gradually for a tapered cavity; this results in improved suppression of reversed squish flow including local gas velocity in the vicinity of the squish region from the side wall of the cavity to the cylinder. The cavity shape used in Case 3 referred to as a "tapered shallow-dish cavity"; the reduced cooling losses and decreased fuel consumption were confirmed and the results are described below.
Confirming the improvement in fuel consumption
The reduced cooling losses and improved fuel consumption were confirmed for the tapered shallow-dish cavity, and the results are described in this section. A tapered shallow-dish with the same design as the modeled one was manufactured and installed in the test engine. As IMEP is increased, cooling losses and exhaust losses increase. However, the suppression of cooling losses can be seen in the tapered shallow-dish cavity compared to the standard cavity. As IMEP is larger, the injection amount is also larger. As a result, it is assumed that the combustion region spreads to the squish region outside the cavity.
However, compared to the standard cavity, the tapered shallow-dish cavity suppresses reversed squish flow while the piston is descending, resulting in suppression of convective heat transfer along the side wall of the cavity to the squish region. It is believed that because of this, even with the overall heat balance, the tapered shallow-dish cavity results in suppression of cooling losses. In general, the restricted in-cylinder flows suppress the entrainment of a spray; the soot emission increases.
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However, the tapered shallow-dish cavity can retain the entrainment because the spray penetration of the highly dispersed spray is distributed in the entire combustion chamber. As a result, the soot emission remains low in the new concept. In addition, the NOx emission also remains low because the highly dispersed spray decreases an area of a high temperature region. PCCI using an injector with numerous small-diameter orifices was recreated using an RCM, and the contribution of radiation in cooling losses was clarified.
Using actual engine measurements and 3D simulations, the local heat flux to the piston wall, cylinder head wall, and cylinder block wall was determined in a diesel engine with a highly dispersed spray achieved with an injector with numerous small-diameter orifices with a narrow angle, in addition to low in-cylinder flow; the primary locations where cooling losses occur and when these losses occur were determined.
Based on the results obtained, the mechanism of cooling losses was observed, and approaches to improving fuel consumption through improved cooling losses were explored from the perspective of cavity shape.
1. The primary factor of cooling losses is convective heat transfer. Although the proportion of radiation in cooling losses increases as the injection amount is increased, at an injection amount of 40mm 3 /st, this proportion is 8%.
2. With this type of combustion, the locations where cooling losses occur the most are along the side walls of the piston cavity to the squish region. The heat flux is the greatest when the piston is descending.
3. While the piston is descending, the convective heat transfer arising from the reversed squish flow from inside the cavity to the squish region results in cooling losses.
4. The tapered shallow-dish cavity, which gradually changes the cross-sectional area of the opening from the cavity to the squish region, suppresses reversed squish flow along the side wall of the cavity to the squish region, including local gas flow.
5. Compared to a standard cavity, the tapered shallow-dish cavity has decreased cooling losses, which results in decreased fuel consumption. 
